Thirteen dogs in whom at least one morphologically distinct sustained ventricular tachycardia (VT) could be reproducibly initiated by programmed cardiac stimulation 18 ± 3 days following experimental myocardial infarction were placed on total cardiopulmonary bypass for detailed study of the endocardial and epicardial activation during VT under hemodynamically stable conditions. Thirteen morphologically distinct monomorphic VTs were investigated by simultaneous epicardial, endocardial, and intramural bipolar recordings. Local electrograms were used to generate computer-assisted isochronous-activation sequence maps. A complete reentry circuit could be mapped on the epicardial surface in 4 animals and on the endocardial surface in one other animal. In the remaining 8 animals, there was a gap period lasting 43-62 msec in the cardiac cycle during which no endocardial or epicardial activity was observed. In 6 of the 8 animals, bipolar intramural recordings from sites closely associated with regions of endocardial and epicardial conduction block showed intramural activity progressing slowly during the gap period. In these 6 animals, a reentry circuit could be completed by incorporating the local electrograms recorded from the intramural sites. VT could be reproducibly terminated by selectively rendering only these intramural sites refractory by critically timed extrastimuli that failed to result in global ventricular capture. VT could be terminated by epicardial cooling in 2 of the 4 animals with epicardial reentry. By contrast, epicardial cryoablation did not effect intramural reentry and failed to interrupt VT. In this study, intramural pathways constituted an integral part of the reentry circuit in a large proportion of the VTs. (Circulation Research
T he examination of myocardial activation patterns during induced ventricular tachycardia (VT) in animal models of experimental myocardial infarction (MI) has demonstrated the presence of reentrant excitation occurring in layers of surviving epicardial tissue overlying the MI. 1 " 5 Recent studies have also demonstrated rare instances of participation of intramural and subendocardial pathways during reentrant VT. 2 ' 5 ' 6 We have recently reported electrophysiologic phenomena in support of reentry in protected ventricular sites during sustained VT in canine MI. 7 This previous investigation was limited by the hemodynamic and electrical instability resulting from rapid VT rates. In the present study, detailed electrophysiologic recordings were carried out in post-MI animals during electrically induced sustained monomorphic VT while the animals were on total cardiopulmonary bypass to ensure hemodynamic stability. This report describes the epicardial, intramural, and endocardial activation pathways participating in the mechanism underlying sustained monomorphic VT in our canine model.
Materials and Methods
The experimental MI was created by the singlestage ligation of the left anterior descending coronary artery just proximal to the first diagonal branch, following the ligation of the most distal epicardial segments of all the marginal branches of the left circumflex coronary artery. Other details of this model of experimental MI have been reported before. 8 
Programmed Cardiac Stimulation
Electrophysiologic studies were performed in 40 animals after 18 ± 3 (mean ± SD) days following the creation of experimental MI under general anesthesia with intravenous pentobarbital (30 mg/kg). Pacing and programmed cardiac stimulation (PCS) were performed from the right atrium, the right ventricular (RV) free wall, and the left ventricular (LV) free wall using pairs of endocardial Teflon-coated 0.005-inchdiameter stainless steel plunge electrodes. Two, three, or four rectangular extrastimuli of 2-msec duration were applied at 5 times the diastolic threshold during sinus rhythm and during atrial and ventricular pacing at cycle lengths of 300 msec and 250 msec until sustained VT was initiated.
Total Cardiopulmonary Bypass
Sixteen consecutive post-MI animals who manifested at least 1 (1-3 per animal) morphologically distinct, sustained, monomorphic VT reproducibly initiated by PCS were prepared for total cardiopulmonary bypass for detailed endocardial and epicardial mapping. A cardiopulmonary pump (Cardiovascular Instrument Corp., Wakefield, Mass.) was primed using 3,000 ml of blood from 2 donor dogs, containing 6,000 IU heparin sodium. Each animal was administered 200 IU/kg additional heparin sodium i.v. The superior and the inferior venae cavae were cannulated using 20 French catheters. The mixed venous blood was oxygenated by a Temptrol® (American Bentley, Irvine, Calif.) disposable membrane oxygenator and was pumped back to the systemic circulation via the two femoral arteries. A polyurethane left atrial cannula was used to vent the left atrium, and the systemic arterial pressure was monitored via a Number 7 NIH catheter placed in the left subclavian artery. The cardiac output was adjusted to keep the mean systemic arterial pressure between 70-80 mm Hg in each animal and ranged from 2.1-3.0 1/min. The temperature of the blood in the reservoir was kept at 37-38° C. The temperature of the mediastinum and the epicardial surface of the heart was also monitored and kept at 37-38° C by periodically adjusting the position of a heat lamp. Arterial blood gases, serum sodium, and potassium concentrations were monitored, and CO 2 inflow was adjusted to keep the plasma pH between 7.35-7.45 in every animal. Figure 1 shows the schematic representation of the endocardial and epicardial surfaces of the heart as polar projection maps with the apex of the heart located at the center and the basal areas represented along the periphery. The endocardial representation is only of the left ventricle while the epicardial representation includes the left as well as the right ventricular sur-faces. These maps are topologically equal to the endocardial and epicardial surfaces of the heart and do not result in discontinuous isochrones and activation patterns that may be observed if the surfaces are represented after the left ventricle is cut open. The sites identified with letters and numbers shown in Figure 1 represent the endocardial and epicardial recording sites located by visual inspection of cardiac anatomy and marked on the epicardial surface in every animal before any electrodes were placed. The adjacent recording sites were 1.0-2.0 cm apart, being closer in the apical regions and farther apart in the basal regions. The distance also varied slightly from one animal to the next depending on heart size.
Electrophysiologic Recording System
After hemodynamic stability was achieved by adjusting the cardiac output and the left atrial vent on cardiopulmonary bypass, 36-44 bipolar endocardial plunge electrodes were placed at recording sites located within the boundary of ring I (Figure 1 ). These included recording site A and all recording sites on rings B-D in every animal and selected sites from rings E-I ( Figure 1 ). The endocardial bipolar electrodes were pairs of Teflon-coated 0.005-inch-diameter stainless steel plunge electrodes with 2-3 mm interpolar distance (at the point of insertion) and with 1-mm exposed tips bent back and anchored to the endocardial surface for stable positioning. Endocardial plunge electrodes, positioned on the LV side of the interventricular septum (Figure 1 ), were introduced through the RV free wall. The exact locations of the plunge electrode tips positioned in the free wall and the interventricular septum were confirmed by postmortem examination in every animal.
To record the epicardial local electrograms, 3 rectangular flexible epicardial patches, each containing an array of 32 bipolar electrodes, and 1 cup-shaped, apical patch containing 16 bipolar electrodes with an interelectrode distance of 5 mm and an interpolar distance of 3 mm, were used to cover the epicardial sur- face without dislodging the flexible endocardial plunge electrodes. The comers of the flexible patches were sutured to the epicardium using Tevdek II® 6-0 polyester sutures. Sixty-four to seventy-two bipolar epicardial electrodes corresponding to the recording sites previously identified on the heart were selected from this total array of 112 epicardial electrodes. The epicardial electrode sites were 1-2 mm from the site of epicardial insertion of the corresponding endocardial plunge electrodes. The inputs from the bipolar plunge electrodes and the bipolar epicardial electrodes were channeled via an integrating switch box into amplifiers that had an input impedance of 22 Mfl and a frequency response range of 0.01-2.5 kHz. Sixteen recordings at a time could be selected and displayed on an electronic recorder (VR-16, Electronics for Medicine, Pleasantville, N. Y.) and simultaneously recorded and stored on FM magnetic tape (A.R. Vetter, Inc., Rebersburg, Penn.) with all the recording channels calibrated to the same gain setting of 1.0 mV/cm. The local electrograms were displayed simultaneously with selected ECG surface leads.
POLAR MAPS

Definitions and Data Analysis
The frontal and horizontal QRS axes of the surface ECG were determined using the 6 standard frontal ECG leads and 3 precordial horizontal leads, modified V, ( + 120°), V 6 (0°), and V 7 ( -45°). Sustained monomorphic VT was defined as a ventricular rhythm that lasted for a minimum of 5 minutes and manifested no beat-by-beat changes in cycle length and in surface ECG morphology. Two monomorphic VTs were considered to be morphologically the same if both the mean frontal and trie mean horizontal axes differed by no more than 30°. An inducible monomorphic VT was considered to be reproducible if the VT with the same ECG morphology was initiated at least 3 times by PCS using the same site of stimulation but not necessarily the same mode of PCS.
The range of normal for local electrogram amplitude and duration had been previously determined in our laboratory using data from animals without MI. 7 In the present study, signal amplitude ranged from approximately 0.1-16.5 mV. Signal amplitudes<0.1 mV could not be measured accurately, and 0.1 mV represented the resolution of our recording technique. Two different criteria were used to define conduction block; thus, two different activation maps are given for each set of activation time data (see "Results")-According to the first criterion, an amplitude threshold of 0.2 mV was chosen to indicate definite active tissue depolarization while the signals with amplitude of< 0.2 mV were considered to represent probable electrotonically mediated activity. When multiple components existed in a local electrogram, the suprathreshold components were considered to represent active tissue depolarization, and the other components were considered to represent electrotonic signals from neighboring sites. According to the second criterion, any identifiable signal was considered to represent ac-tive tissue depolarization. Even then, there remained low-frequency oscillations with amplitudes < 0.1 mV for which no definite onset could be determined and which were considered to represent conduction block. Using either criterion, anatomic conduction block was said to exist at a recording site if no signal showing active tissue depolarization was observed during sinus rhythm. Functional conduction block was said to exist at a recording site if it manifested no anatomic conduction block but failed to manifest a detectable signal indicating active depolarization during pacing or VT. Continuous electrical activity (CEA) was said to be present at a recording site when the local bipolar electrogram showed activity throughout the entire cardiac cycle without any isoelectric interval. CEA that manifested at least 3 consistently identifiable components, which recurred with every cardiac cycle, with a fixed-phase relation between each component, was called "organized" CEA. 7 In this study, CEA comprised components that varied from 0.1-0.6 mV in amplitude.
Analog data in the form of local bipolar electrograms were obtained as sets of 15 recordings simultaneously with a surface ECG lead chosen for clearly identifiable onset of body surface depolarization. The local activation times were determined manually as the onset of the first rapidly deflecting ([dV/dt]>0.5 mV/ms) component of the bipolar local electrogram. A demonstration of this can be seen in Figure 11 where the exact points chosen for the onset of local activation are marked by vertical arrows. To low-frequency waveforms lacking such a rapidly deflecting component, a local activation time was assigned by subjectively choosing the onset of the first clearly identifiable component of the local electrogram. Examples of these are also shown in Figure 11 . No local activation time was assigned to recording sites manifesting CEA or to sites without any clearly identifiable signal. Otherwise, an activation time was assigned to every site even when the signal amplitude was <0.2 mV and was later edited as representing conduction block or active depolarization, depending on the criteria used.
The term gap period was used to define an interval of cardiac cycle >15 msec in duration, during which none of the recording sites on a given surface was observed to activate. When the endocardial or epicardial activation sequence during VT manifested a gap period, the first recorded endocardial or epicardial local electrogram terminating the gap period was arbitrarily considered the earliest, and the last recorded local electrogram before the gap period was considered the latest. Intramural electrograms recorded during the endocardial or the epicardial gap period were considered to be late (relative to the earliest endocardial or epicardial breakthrough) in cardiac cycle. During VTs that manifested no endocardial or epicardial gap period, the earliest evidence of depolarization on the surface ECG was assigned an activation time of 0. Relative to this reference, the local electrograms that followed were given positive activation times (no negative values) until the onset of the next cardiac cycle.
Ten-millisecond isochrones were computer generated from the activation time data by the method of bivariate linear interpolation of the electrode coordinate set onto a grid within the boundary defined by the outline of the ventricles and were followed by the use of the GCONTR program, adapted to the VAX with minimal alteration. 910
Endocardial and Epicardial Mapping
Initially, data for constructing the maps of global activation sequence were collected from 64-72 epicardial and similarly from 36-44 fixed endocardial recording sites. No additional data from the epicardial exploring electrode or additional intramural electrodes were included in these initial endocardial and epicardial maps. Two distinct endocardial and epicardial maps were generated during each sustained VT using these recording sites. The data for the 2 maps during the same VT were obtained 8-13 minutes apart, and the second of the 2 maps was performed without any knowledge of the activation sequence defined by the first recording data. Sustained VT was then terminated by PCS. Before these data were stored for later retrieval and further analysis, all the epicardial and the endocardial signals were examined to identify the recording sites manifesting local electrograms with amplitudes <0.2 mV during VT. At these and adjacent (within 1 cm) sites, 14-22 bipolar intramural and additional bipolar endocardial plunge electrodes were placed after removing temporarily the epicardial patches while leaving at least 1 suture intact to preserve their fixed position. Each intramural electrode was composed of 2 plunge electrodes, 3 mm apart at their epicardial insertion site, which were advanced until the tips were at an estimated depth of 4 mm from the epicardial surface and were adjusted until stable local electrograms were observed for at least 10 minutes during sinus rhythm. Epicardial patches were carefully repositioned, and sustained VT morphologically identical to the previously mapped one was reinitiated using the same stimulation site as before. The mapping procedure was repeated, this time incorporating the intramural and the additional endocardial recordings as well. After acquisition of these data, the flexible epicardial patches were removed, taking care not to dislocate any endocardial and intramural electrodes while the hemodynamically stable VT continued. Additional recordings were obtained from the exposed intermediate epicardial sites, gently making contact with a hand-held exploring electrode to avoid terminating VT. The exploring electrode was bipolar with 2-mm interpolar distance and scanned the areas between the preselected epicardial recording sites still identifiable by the points of insertion of the corresponding endocardial plunge electrodes. This mapping by the hand-held probe increased the number of epicardial data points to 90-112 per VT with a resolution down to a distance of 2 mm between adjacent epicardial recording sites at selected areas.
If a morphologically different VT was induced, this was terminated by rapid ventricular pacing, and the stimulation protocol was repeated until the previously mapped VT was reproduced. Cooling of selected epicardial sites during VT and during sinus rhythm was performed using a specially designed cryothermal instrument with a short cylindrical copper stem (2.2 cm 2 in cross-section) that could cool selected epicardial sites to 0° C by direct contact but could not be used to selectively cool deeper intramural or subendocardial regions.
Postmortem Examination
At the end of each experiment, the animal was killed with intravenous potassium chloride. The heart was excised with plunge electrodes in situ, and the right ventricle was opened by 2 base-to-apex incisions along the anterior and posterior interventricular grooves, taking care not to displace the septal plunge electrodes. The exact locations of the endocardial plunge electrodes in the right ventricular free wall were verified and indicated on the endocardial polar maps, after which those electrodes were removed. The left ventricle was divided into 0.8-cm-thick transverse sections from apex to base. The locations of the endocardial plunge electrodes in septum and in the left ventricular free wall were also verified and identified on polar maps. Recordings previously obtained via plunge electrodes that at postmortem examination were found not to be anchored to the endocardial surface were discarded. Similarly, the locations of the intramural electrodes and their intramyocardial depth were determined. One-millimeter exposed tips of the intramural plunge electrodes were found to be located 4-5 mm beneath the epicardial surface of the left ventricle.
Both sides of each transverse section were examined grossly to determine the extent of total and transmural MI, the margins of which were outlined on the polar projection maps. The samples were preserved in 10% formalin. The transverse rings that contained the previously mapped areas of epicardial and endocardial conduction block and that had contained the additional intramural and endocardial plunge electrodes were identified. Each of these transverse rings was subsectioned serially, and 10-/nm sections were mounted on slides and stained with hematoxylin and eosin for histologic examination. The MI topography in selected subserial sections was outlined precisely with the use of an optical drawing tube attached to a conventional light microscope at a magnification that permitted resolution of individual myocytes.
Results
Characteristics of Induced Ventricular Tachycardia
Twenty-six morphologically distinct sustained VTs were induced in 17 dogs (1-3 morphologies per animal) before cardiopulmonary bypass. The mean VT cycle length was 198 ± 13 msec (mean ± SD). Total cardiopulmonary bypass did not result in a change by more than 30° in either the frontal or the horizontal axis of the surface ECG during sinus rhythm, atrial pacing, or ventricular pacing from the same right and left ventricular sites at the same cycle lengths in any animal.
After total cardiopulmonary bypass, 22 morphologically distinct sustained monomorphic VTs were induced in 15 of these 17 animals with 7 of the 15 animals manifesting 2 morphologically distinct VTs. In the remaining 2 animals, nonsustained VT and VF were the only ventricular arrhythmias induced by PCS following cardiopulmonary bypass. The mean cycle length of the VTs was shorter on total cardiopulmonary bypass (184 ± 11 msec). All but one of the 22 VTs induced by PCS remained stable on cardiopulmonary bypass without any spontaneous change in rate or surface ECG morphology. They were terminated by ventricular pacing 15-25 minutes after onset. All the procedures, including outlining of the areas of conduction block and of slow conduction and cryothermal interventions, were performed during stable episodes of sustained monomorphic VT on cardiopulmonary bypass. In 13 of the 15 animals, at least one of the previously mapped and morphologically distinct induced sustained VTs was still present after the placement of the additional intramural and endocardial plunge electrodes, while in 2 animals, none of the previously induced morphologically unique VTs could be reproduced by PCS following placement of the additional plunge electrodes. Thus, 13 morphologically distinct VTs in 13 animals were mapped more than once with the last map incorporating the intramural recordings as well as the additional endocardial and epicardial recordings. The electrophysiologic observations during these 13 VTs, characteristics of which are shown in Table 1 , are described below. •Endocardial or epicardiaJ reentry is used to mean reentrant circuits without gap periods observed entirely on these surfaces. Intramural reentry describes the VTs manifesting endocardial or epicardial gap periods with at least part of the reentrant circuit having an intramural component.
Validation of the Mapping Technique
Two separate endocardial and epicardial maps were constructed during the same uninterrupted episode of sustained monomorphic VT in all animals before and after placement of additional plunge electrodes. The activation times measured at 42 endocardial and 64 epicardial recording sites (sites with functional conduction block are not represented) during the first and second maps of an uninterrupted monomorphic VT before the placement of additional endocardial and intramural electrodes are plotted in Figures 2A and 2B . Linear regression analysis of the 2 sets of activation time data reveals a high correlation and a slope near 1 (1.013 for the endocardial and 0.993 for the epicardial maps). The corresponding correlation coefficients were 0.991 and 0.992. In the entire group of 13 animals, during the same sustained VT, the mean values for linear regression slopes between the 2 sets of data corresponding to the 2 successive maps during the same VT episode before the placement of additional plunge electrodes were 1.010 ± 0.004 for the endocardial maps and 1.012 ± 0.005 for the epicardial maps. The correlation coefficients ranged from 0.991-0.996 for endocardial maps and from 0.990-0.994 for the epicardial maps.
Similar comparison of the activation time data during the same uninterrupted episode of monomorphic VT was also performed after the placement of additional endocardial and intramural plunge electrodes. Figure 2C shows a high correlation between the 2 sets of data, which include 54 endocardial and 8 intramural data points, and Figure 2D shows a high correlation between 2 sets of 92 epicardial data points. The correlation coefficients were 0.988 (endocardial) and 0.986 (epicardial). In these 13 animals, for the comparisons of the 2 maps after additional plunge electrode placement, the mean values for linear regression slopes were 0.978 ± 0.009 (endocardial) and 1.018 ±0.010 (epicardial). The correlation coefficients ranged from 0.982-0.990 for the endocardial maps and from 0.980-0.989 for the epicardial maps. Using either criterion for conduction block (see "Materials and Methods"), the sites of functional conduction block were identical during the first and second mapping of the same uninterrupted monomorphic VT episode in all cases.
Activation Patterns During Ventricular Tachycardia
Different patterns of activation observed during the episodes of morphologically distinct VT are described below.
COMPLETE EPICARDIAL OR ENDOCARDIAL REENTRY WITH-
OUT A GAP PERIOD. This type of activation pattern, observed during sustained monomorphic VT in 5 different animals (animals 1-5 in Table 1 ), was characterized by the following observations: 1) The entire cardiac cycle of VT could be mapped epicardially or endocardially in such a way that there was no period > 12 msec during which activity was not occurring somewhere in the endocardial or epicardial surface, i.e., there was no endocardial or epicardial gap period (Table 1) . 2) With this resolution, completely closed pathways of activation, circulating clockwise and counterclockwise around the margins of areas of functional block, could be demonstrated on the epicardial or endocardial surface or both (Figure 3 ). During sinus rhythm, all of these 5 animals manifested anatomic block at 2-3 epicardial and 0-2 endocardial recording sites using the first criterion of signal amplitude <0.2 mV to define conduction block, while only 3 animals had anatomic block at 1 or 2 sites using the second, more strict criterion (see "Materials and Methods"). At postmortem examination, the epicardial sites of anatomic block corresponded to patches of dense epicardial and subepicardial scar. Functional block developed during VT at 8-14 epicardial recording sites and at 4-11 endocardia! recording sites in all 5 animals using the first definition of conduction block ( Figures 3A and 3B ). Using the second, more strict criterion for the definition of conduction block, the areas of functional block were smaller, comprising 5-8 epicardial and 4-6 endocardial recording sites but were still present in all animals during VT ( Figures 3A' and  3 B ')- Figure 4 shows several epicardial electrograms recorded from the area of epicardial block, the narrow isthmus of slowly conducting tissue and an intramural site beneath the epicardial zone of delayed conduction. Note that the second channel shown manifests local electrograms slightly less than 0.2 mV in amplitude considered to represent conduction block according to the first criterion but were assigned local activation times using the second criterion. By contrast, the third, ninth, eleventh, and twelfth recording channels were considered to represent sites of functional conduction block by either criterion. Although the number of sites, and hence the size of the area manifesting functional conduction block, depended on the criterion used, the basic topology of 2 disconnected areas of functional block with slow conduction taking place between them did not change (Figure 3) . The relative sizes of these areas of conduction block and the spatial resolution of the epicardial recording sites can be assessed from Figure 4 .
In the example shown in Figures 3 and 4 , the region of MI included sites A; Bl, B3, and B4; Cl, C5, and C6; Dl, D2, D7, and D8; and E14 and E15 (Figure 1 ), but it was transmural only at a region between D7 and D8 ( Figure 5 ). The infarct topography underlying the slowly conducting central component and part of the area of functional conduction block is shown in Figure  5 . At this level, the MI was not completely transmural and manifested a wide layer of preserved epicardial and subepicardial tissue and a much thinner rim of preserved endocardial tissue ( Figure 5 ). Only 2 of the sites of conduction block during VT were sites of anatomic block and corresponded to the area where MI was transmural. The earliest recorded local activity was epicardial and took place in an apical-lateral site in the free wall of the left ventricle at the margin of the subendocardial infarction at 3 msec. Simultaneous recordings from the additional electrodes revealed conduction block during VT at intramural sites beneath the epicardial zone of delayed conduction (Figure 4 ). Else-V T CL = 160ms FIGURE 4 . , Local electrograms recorded from 12 epicardial and 1 intramural site during same sustained VT as one described in Figure 3 . Local electrogram shown in twelfth channel was recorded from an intramural (IM) site subjacent to central epicardial isthmus of slow conduction, depicted with "X" in figure. The relative spatial and temporal resolution of epicardial recordings can be assessed from isochronous activation map. Isochrone interval, 10 msec. Amplitudes of tallest signals are cut off to avoid crowding on diagram. Signals in second channel were considered to represent conduction block only by the first criterion. Recordings at channels 3, 9, 11, and 12 were considered to represent conduction block by both criteria. CL, cycle length.
where in the left and right ventricles, the endocardial and epicardial activation patterns revealed parallel reentrant loops, and the activation times of the epicardial and corresponding endocardial recording sites differed by ^ 10 msec ( Figure 3 ). As in VT episode 1 (Table 1, Figure 3 ) and for VT episodes 2-4 (Table 1) , the epicardial and endocardial activation patterns were similar and revealed nearly simultaneous reentrant loops with the earliest epicardial activity preceding the earliest observed endocardial activity by 5-12 msec.
In one of these 5 animals (Number 5 in Table 1 ), no endocardial gap period was observed, while the epicardial gap period was 38 msec. Activation sequence during VT showed circuits of activity circulating around 2 disconnected areas of functional block on the endocar-dial surface ( Figure 6A ). The area of conduction block was outlined conservatively and might actually be larger than the area shown in Figure 6A . By contrast, epicardial activation pattern did not reveal a continuous circuit, and a single connected region of conduction block separated the epicardial sites of breakthrough and convergence with a 38-msec-long epicardial gap period ( Figure 6B ). Reconstructing the activation pattern using the second criterion ( Figures  6A' and 6B') for functional block decreased the size of epicardial area manifesting conduction block but did not result in the separation of this epicardial region of functional block into 2 disconnected regions ( Figure  6B ')-Recordings from 4 intramural sites manifested conduction block (defined according to the strict crite- FIGURE 
Topography of MI in subsection from transverse ring associated with areas of functional block and intermediate area of slow conduction shown in Figures 3 and 4. Location of Ml (stippled) and transmural MI (TMI, heavily stippled) as well as of tissue shown in cross-section are outlined on polar map representation ofepicardial surface. Black areas in cross-section represent infarcted myocardium. Note wide rim of preserved epicardial and subepicardial tissue and much thinner layer of preserved endocardial tissue.
rion) immediately above the central endocardial region of delayed conduction. The epicardial site of block defined by the strict criterion corresponded to recording sites D8, E15, F14, and F15 (Figure 1 ). There was anatomic block at sites D8 and E15, and the rest of the sites manifested functional block during VT. The histologic examination of the part of the transverse ring containing the endocardial sites of functional block revealed transmural MI with a 1-mm-thick rim of preserved endocardial tissue and no epicardial sparing at D8 and E15. This was the only example of reentry entirely limited to the endocardium within the resolution of the mapping technique. In the 5 animals described in this section, organized CEA coextensive and coterminous with the sustained monomorphic VT was not recorded with any of the bipolar epicardial or endocardial electrodes.
PATTERNS WITH BOTH ENDOCARDIAL AND EPICARDIAL AC-TIVATION GAP PERIODS. Another pattern of activation, observed during 8 reproducibly induced, sustained VT FIGURE 6. Isochronous maps of endocardial (A) and epicardial (B) activation sequences during sustained monomorphic ventricular tachycardia. Note that on epicardial map, there is single, unbroken arc of conduction block that gets smaller but remains unbroken when results are reinterpreted using more strict definition of conduction block (B'). Similarly, endocardial activation map remains mostly unchanged with second interpretation (A')episodes, was characterized by endocardial and epicardial isochrones manifesting a concentric pattern radiating away from the site of early breakthrough and also converging concentrically to a site 1.5-3.5 cm away from the site of breakthrough. Using the first criterion for conduction block (0.2 mV threshold for active depolarization), this pattern was observed during all 8 VTs with wavefronts circulating both clockwise and counterclockwise around the margins of a central, confluent area of functional conduction block ( Figures 7A  and 7B ). The available endocardial and epicardial local electrograms did not completely span the VT cycle length, leaving both an epicardial and an endocardial gap period with no electrical activity lasting from 38-62 msec ( Table 1 ). The resolution of the epicardial map was 2-3 mm between adjacent recording sites at and around the zone of block, while the resolution of endocardial map was 5-10 mm at the corresponding areas. During 6 of the 8 morphologically distinct VT episodes, 7-9 intramural bipolar electrodes, recorded from sites underlying the central epicardial region of functional block, manifested activity during the endo-cardial and epicardial gap period ( Figures 7A and 8 ). This intramural activity taking place during the endocardial and epicardial gap periods progressed from a site adjacent to the endocardial and epicardial sites of convergence toward a site adjacent to the endocardial and epicardial sites of breakthrough ( Figures 7A and  8) .
The reconstruction of the activation pattern during each monomorphic VT, using the more strict criterion for conduction block, resulted in the abbreviation of the epicardial and endocardial gap periods by 5-10 msec in all 8 animals. Despite this change and a decrease in the area of the region of functional conduction block, the basic topology of the activation pattern on the polar maps was not altered in 4 animals ( Figures  7A' and 7B') . In the example shown in Figure 7 , the transmural MI extended over a region that included recording sites B4, C5, C6, D7, and D8 (Figure 1 ). MI topography in cross-section in the part of the transverse ring that had harbored 4 of the intramural electrodes that manifested activity during the gap period is shown in Figure 9 . Multiple closely spaced islands of nonin- farcted myocardium, which could be seen extending through the entire thickness of the transmural MI, constitute the possible substrate for intramural pathways.
In the remaining 4 of the 8 animals, no epicardial or endocardial site of conduction block was present when the maps were reconstructed using the second criterion to define conduction block, and the zones that were initially identified as areas of conduction block according to the first criterion were observed to be areas of slow conduction. Figure 10 shows the activation pattern during one of these VT episodes. Note that the areas of functional block shown in Figures 10A and  10B are not present in Figures 10A' and 10B' , which represent the interpretations based on the more strict definition of conduction block. However, note also that the gap period and the opposite directions of epicardial (or endocardial) and intramural activation in the critical region do not change, and the basic obser-vation of an integral intramural pathway manifesting activity during the gap period remains unaffected by using different criteria for conduction block ( Figure  10 ). Several local electrograms and recording sites used in the interpretation of the activation patterns displayed in Figure 10 are shown in Figure 11 . Note that discrete, low-amplitude (<0.2 mV) endocardial electrograms had local activation times still outside the gap period and that, during the gap period, intramural activation progressed in a direction generally opposite to that observed endocardially and epicardially. Histology showed that the region between the sites of breakthrough and convergence corresponded to transmural MI with islands of preserved myocardium similar to the pattern shown in Figure 9 , but in addition, thin (<1 mm) layers of epicardial and endocardial tissue were also preserved. Thus, complete reentrant excitation could be reconstructed in 6 animals with 12 V T CL«180 mv ms FIGURE 8 . Local endocardial (EN) and intramural (IM) electrograms from selected sites are shown during ventricular tachycardia described in Figure 7 . Conduction block was defined as amplitude<0.2 mV at sites located within area outlined with dotted line. Endocardial signal from lowest pair of channels had an amplitude <0.2 mV but was located outside area of conduction block when more strict definition of conduction block was used. CL, cycle length. msec as the longest period between any 2 local activation times and with an anatomically small segment of the pathway lying intramurally, hence hidden from the endocardial and epicardial surfaces. During VT, the average conduction velocity over the intramural pathways between the sites of breakthrough and the sites of convergence varied from 30-70 cm/sec. In the remaining 2 animals, even after the additional intramural recordings, the gap period was narrowed but remained >30 msec.
Sustained and organized CEA was recorded from at least 1 (1-3) intramural site during sustained monomorphic VT in 6 animals with intramural reentry (Figures 11 and 12) . At postmortem examination, these intramural sites, which had manifested organized CEA, were found to be approximately 4-5 mm from the endocardial surface. The sites manifesting CEA either underlay the epicardial area of functional conduction block, overlay the endocardial region of functional conduction block defined by the first criterion, or lay adjacent to the areas of slow conduction ( Figure  11 ). In each case, organized CEA was temporally coextensive with the monomorphic VT and terminated when VT was interrupted by ventricular pacing ( Figure  12 ). Conversely, PCS, which failed to interrupt organized CEA, also did not terminate sustained VT. To make certain that CEA with cyclical components did not represent artifact, ventricular pacing was performed from multiple sites on rings C, E, and G (Figure 1) at cycle lengths identical to those of the VTs and did not result in CEA at the recording sites that had manifested CEA during VT.
Results of Programmed Electrical Stimulation
In 13 animals, scanning the cardiac cycle during sustained VT by 5-msec intervals using a single extrastimulus, which varied in strength from 0.5-2 mA from sites located on rings G and H (Figure 1) in the free wall of the left and right ventricles, resulted in ventricular capture over a range that varied from 30-45 ».*»-. 7 .. Figures 7 and 8 . The location of MI, transmural MI (TMI), and portion of the transverse ring shown in cross-section are outlined on polar map representation. Note multiple islands of nonnecrotic myocardium interspaced throughout transmural MI. msec from one animal to the next. Ventricular capture with single extrastimulus from these sites did not terminate any of the VT episodes. Global capture with single extrastimulus resulted in varying degrees of fusion activation in surface electrocardiogram QRS complexes and in local electrograms depending on the site of stimulation, the timing of the extrastimulus, and the location of the recording site. The results were similar when 2 programmed extrastimuli were used to scan the cardiac cycle, except that in 2 animals, one with epicardial and the other with endocardial reentry (Numbers 3 and 5, Table 1 ), 2 extrastimuli at 2 mA terminated sustained VT.
Ml
FIGURE 9. Topography of MI in subsection from transverse ring associated with area of conduction block and intramural sites of activity during gap period of ventricular tachycardia represented in
Ventricular tachycardia cycle length was spanned in each animal, using a single extrastimulus with strength varying from 0.5-1 mA and decrementing the coupling interval by 5 msec each time. There was no interval in the cardiac cycle of any of the VT episodes FIGURE 10 . Isochronous maps of endocardial (A) and epicardial (B) activation sequence during another sustained monomorphic ventricular tachycardia. As in Figure 7 , crosses correspond to intramural recording sites, and arrowheads indicate direction of advancing wavefront through intramural sites during gap period. Note that central zones of conduction block are not present (Panels A' and B'), but direction of activation remains uneffected when second definition of conduction block is used for interpretation of data.
during which the spanning extrastimulus introduced at the intramural sites underlying the central epicardial region of conduction block (0.2 mV criterion) resulted in premature capture or fusion activation of the ventricles during VT. Even in the absence of global ventricular capture, during 5 of the 8 VT episodes manifesting epicardial and endocardial gap periods, there was a critically timed window in the cardiac cycle of VT during which double extrastimuli introduced from at least one available intramural site interrupted sustained VT (Figure 12 ). This critical window was 10-25 msec in duration and coincided approximately with the onset of the endocardial or epicardial gap period. In the example shown in Figure 12 , the first extrastimulus partially penetrates some of the neighboring intramural sites as evidenced by the fusion activation of at least 1 intramural site adjacent to the intramural site of stimulation and resets the circuit by advancing the activation front slightly by 12 msec. The pattern of activation following the epicardial and endocardial breakthrough remains essentially unaffected until the gap period dur-ing the next cardiac cycle. The second extrastimulus probably encounters refractoriness at the surrounding intramural sites and fails to reset the cycle. Refractoriness at these sites also prevents the returning activation front from reaching the endocardial and epicardial sites of breakthrough with termination of VT ( Figure 12 ). These observations were reproducible: extrastimuli, which caused selective local conduction block only at intramural sites that had manifested local activity during the gap period in sustained VT, reproducibly terminated VT.
Cryothermal Interventions
The epicardial sites of earliest and latest activation, the epicardial areas of conduction block, and the epicardial sites of slow conduction located adjacent to the margins of the region of functional conduction block that were identified during hemodynamically stable monomorphic VT were cooled in 2 animals with epicardial reentry and in 4 animals with epicardial gap and intramural activity. In the 2 animals with epicardial reentry, reversibly cooling the entire area of slow conduction located between the disconnected regions of conduction block during VT slowed the VT rate and terminated VT in 35 and 75 seconds. Anatomic block was present during sinus rhythm at the cooled area immediately after termination of VT. After reversal of the anatomic block at these sites, VT manifesting similar surface ECG morphology could be reinitiated with the same cycle length in one animal and a 20-msec longer cycle length in the other. In one animal with intramural reentry, cooling the epicardial area between the site of breakthrough and the site of convergence during VT failed to interrupt VT. Cooling of the epi-cardial site of breakthrough and epicardial sites of slow conduction did not alter or eliminate organized CEA recorded from an intramural site in this animal. In 3 other animals with intramural reentry, VT was electrically terminated after mapping was completed, and the epicardial recording sites between the epicardial sites of breakthrough and convergence were cooled during sinus rhythm until these sites manifested anatomic block. PCS was repeated while epicardial sites still manifested anatomic block. VT could be reinitiated by PCS in each case. The endocardial activation patterns during VT were essentially unaffected by cooling. Furthermore, epicardial cooling did not affect the direc--^-Vrv-it tion of activation observed at the intramural recording sites but delayed the activation times at these intramural sites slightly, thereby slowing the rate of VT. Cryothermal interventions were not attempted in the remaining 7 animals.
Discussion
This study extends the results of previous work by other investigators 1^'6 '" 1 ' 2 by demonstrating direct evidence for the presence of reentrant excitation underlying electrically induced VT in a canine model of MI. One of the reentry mechanisms described in this study incorporates a slowly conducting central component that is intramural and closely associated with regions of functional conduction block in a large percent of the animals studied. This finding may be the result of the particular MI topography in our canine model, which differs from that of El-Sherif et a l u in ligation of multiple terminal branches of the left circumflex artery, resulting in relatively large areas of subepicardial necrosis and decreasing the probability of subsequent epicardial reentry. However, there were also instances of epicardial reentry similar to those described before. '' 2 ' 4 By investigating the intramural activity taking place at selected sites during periods when no endocardial or epicardial activity is observed, our study shows that intramural pathways may be an integral part of the reentry circuit rather than just mediators for the exit of the endocardial or epicardial reentrant activity.
Several observations support the essential role of intramural pathways in reentry. First, activation at intramural sites proceeded from the site of endocardial and epicardial convergence to the site of breakthrough, and inclusion of the intramural sites resulted in nearly complete circuits with the longest gap between any 2 recording sites ^ 12 msec. Second, unlike the previously described reentry pathways mapped entirely within the epicardial layer overlying the v n^2 4 6 1 2 1 3 the findings of our study supported the hypothesis that in reentry circuits incorporating intramural components epicardial activation may play a secondary role and may not be essential for the maintenance of reentrant VT. Since the epicardium was mapped densely in every animal with spatial resolution down to 2-3 mm at selected areas, it was unlikely that the epicardial gap periods resulted from insufficient data acquisition. In addition, in 4 of these animals, sustained VT was unaffected by cooling, which resulted in reversible anatomic conduction block in large epicardial areas. By contrast, cooling of the epicardial sites lying in the isthmus of slow conduction between areas of conduction block interrupted VT in 2 animals that manifested epicardial reentry with no epicardial gap period. The latter finding is similar to recently reported termination and prevention of epicardial reentry by cryothermal intervention at selected epicardial sites by other investigators. 314 Finally, histologic examination of the transverse myocardial sections containing the intramural sites that had manifested activity during the epicardial and endocardial gap period showed either no transmural MI with nonnecrotic myocardial tissue underneath areas of epicardial scarring or transmural MI with bridging strands of nonnecrotic myocardial tissue, possible sites of intramural conduction (Figure 9 ).
The presence of intramural components has been anticipated and, on rare occasions, described in previous studies. 2 Recently, Kramer et al investigated the role of intramural and subendocardial pathways in reentrant VT in a canine model of coronary ligation with subsequent reperfusion, which was different from those used by El-Sherif et al or by Wit et al 4 and also different from the model used in the present study. 6 They reported that critical intramural and subendocardial sites mediated the exit of epicardial reentrant activity into the noninfarcted ventricle, and in a small number of cases, intramural or subendocardial pathways did constitute an integral part of the reentry circuit. 6 Our data differed from theirs in showing that delayed conduction and functional block did not have to be confined to the epicardial layers and were also observed at intramural and endocardial sites during a relatively large number of the VT episodes. These are differences that may be secondary to the histopathologic dissimilarities that may exist between the 2 models.
Model of Reentry Incorporating Intramural Pathways
Any definition of conduction block in an in situ heart is bound to be somewhat arbitrary. In vitro studies have shown that extracellular electrograms with amplitudes of < 0 . 2 mV (the first criterion used in this study) may represent active depolarization of a small number of fibers." However, it should be noted that reconstructing the activation sequence maps using a more strict criterion for conduction block does not change the basic topology of our model (Figure 13 ). For example, the activation pattern described in Figures 10A and 10B may be represented by the model depicted schematically in Figure 13A , while the activation pattern described in Figures 10A' and 10B ' may be represented by the model shown in Figure 13B . It is important to note that even with the use of a more strict criterion for conduction block, the gap periods still cannot be bridged, except with the inclusion of intramural signals that were unequivocally > 0.2 mV in amplitude (Figures 8 and 11 ). More than one intramural pathway may exist, but the models schematically depicted in Figure 13 are compatible with most of our data, including the observations during epicardial cooling whose effect does not penetrate the intramural and subendocardial sites and therefore is not expected to necessarily eliminate sustained VT described by either of these models. Relatively high frequency signals with amplitudes even much less than 0.1 mV, representing active depolarization in isolated, minute islands of tissue, would be beyond the sensitivity of our in situ recording technique, and our study cannot address reentry mechanisms that may be based on such data.
Mines' last criterion that needs to be fulfilled to prove the presence of reentry 16 is the elimination of impulses that are expected to arise from reentrant activation by interruption of the circuit. Unlike epicardial reentry, 314 intramural or endocardial reentry cannot be interrupted by cryothermal intervention unless special equipment and techniques, not available to us at this time, are used to cool deeper intramural sites selectively. Termination of VT when intramural sites were selectively rendered refractory by critically timed and positioned intramural extrastimuli (Figure 12 ) are the only observations in this study that may be invoked to indirectly satisfy Mines' last criterion.
Since we did not use a composite electrode, the absence of organized CEA recordable by closely spaced bipolar electrodes during epicardial reentry is not surprising. By contrast, the frequent association between organized CEA and reentry integrating intramural pathways suggests that the former phenomenon may result from waves of activity arriving out of phase from different directions during the cardiac cycle at closely spaced intramural areas that are separated by small regions of functional conduction block. This hypothetical mechanism is demonstrated schematically in Figure 13B . The recording sites manifesting CEA were close to but not at the site of endocardial breakthrough ( Figures 11 and 12 ). This concept of CEA, with its recurrent, reproducible components, is compatible with the observation that intramural pacing that interrupted VT also altered and terminated CEA, while global ventricular capture that did not interrupt VT did not affect the pattern of CEA in this study as well as in a previous study. 7 It must be stated that this is only one of several explanations for organized CEA and that most of our observations are also compatible with a protected reentrant circuit that is confined in a volume of myocardium much smaller than depicted in Figure  13 and is communicating with the rest of the myocardium via specific exit sites.
Limitations
One of the limitations of the study concerns the method of constructing the activation sequence maps from data collected over several cardiac cycles instead of from a single cycle. Although this technique was necessary to increase the resolution of our maps by collecting additional data from extra selected recording sites, it also had the potential to introduce a certain degree of uncertainty due to possible beat-by-beat changes in the activation sequence. However, the high degree of correlation between data points recorded at different times during the same episode of monomorphic VT before or after placement of the additional intramural and endocardial electrodes ( Figure 2 ) suggested that the magnitude of this uncertainty had to be small.
The possibility of myocardial damage by the excessive use of plunge electrodes precludes the construction of high-density endocardial and intramural activation maps, limiting our understanding of the three-dimensional activation process of the myocardium. This shortcoming could have resulted in the overestimation of the gap period in layers deeper to the epicardial surface in our study. By the same reasoning, the size of the area of endocardial conduction block during VT, drawn conservatively in our maps, could actually have been larger. Although the exact location of intramural electrodes could be better controlled by using a needle electrode with multiple bipolar contacts along the shaft, dense mapping with such electrodes might alter the myocardial structures enough to interfere with the underlying mechanism of VT, as was probably the case in our study with 2 dogs in whom VT following placement of additional plunge electrodes could not be reinitiated. Less traumatic recording techniques will be needed for more complete understanding of the three-dimensional activation patterns underlying monomorphic VT.
In conclusion, in this canine model of late MI, reentry circuits underlying monomorphic VT commonly involved a slowly conducting central pathway closely associated with zones of functional conduction block. Although the exact size of the zone of block depended on the criteria used to define conduction block, the basic activation patterns remained unaffected by the choice of such criteria, and the intramural pathways constituted an integral part of reentry in a large proportion of the animals in this model.
